Abstract. The divertor power load of Type I, compound, and small ELMs was systematically studied for the first time in the Experimental Advanced Superconducting Tokamak (EAST) under lithium wall coating conditioning. The Type I ELMs were obtained in lower single null (LSN) configuration, while compound ELMs were obtained in double null (DN). Two types of small ELMs are investigated in this work, i.e., Type III ELMs and very small ELMs. The Type I, compound, and very small ELMy H-modes were all achieved with combined LHCD and ICRH heating. A profound loss of the plasma stored energy can be observed when Type I ELMs were produced (~8%), while no change of the plasma stored energy was observed for the small ELMs, including both Type III ELMs and very small ELMs. The energy loss can also be seen with compound ELMs, which are characterized by an initial ELM spike followed by a number of small ELMs in the D α signature. Statistically, the power load and the peak heat flux on divertor targets for Type I ELMs are about 5% and 10 MWm -2 , while they are about 1-2% and 2 MWm -2 for Type III ELMs. The time scale of compound ELMs can last for a few ms, and the peak heat flux of which is between that of Type I and Type III events. The comparison between compound ELMs and ELM filaments is also given. The divertor power load for compound ELMs is comparable to the loss of plasma stored energy (both ~5%), while it is too small to be measured for the very small ELMs presented. The peak heat flux for the very small ELMs is generally below 1 MWm -2 , which may provide a potential scenario for ITER.
Introduction
ELMy H-mode is considered to be the most likely scenario for next step tokamak fusion device such as ITER. Edge localized modes (ELMs) [1, 2] are quasi-periodic MHD instabilities occurring at the edge pedestal region of H-mode plasmas, with the crash of pedestal and transient release of plasma stored energy. The best global plasma performance is usually obtained in the Type I ELMy H-mode regime. However, the resulting high heat flux due to Type I ELMs may impose intolerable power load on the divertor targets [3] [4] [5] . Compound ELMs [2, 6] are characterized by an large spike followed by a number of frequent spikes in the D α signature, and the initial ELM event can be either a Type I or Type III ELM. The time scale of compound ELMs can last for a few ms, which is much longer than that of other ELM types. In the 2012 experimental campaign of Experimental Advanced Superconducting Tokamak (EAST), Type I ELMy H-mode was obtained in LSN divertor configuration with lower hybrid current drive (LHCD) plus ion cyclotron resonance heating EX/P5-13 (ICRH) under lithium wall conditioning. Compound ELMs were observed in a few pulses also with LHCD+ICRH. As commonly seen in other tokamaks around the L-H threshold power, Type III ELMs are the most ELMs currently obtained in EAST. Besides Type I, compound and Type III ELMs, a very small ELMy regime which lasts for nearly 2s was seen in the 2012 campaign, whose ELM power load on divertor targets is too small to be distinguished out. To date, there are still significant gaps in the understanding of ELM instabilities. Therefore, a detailed investigation into the pedestal energy loss and the divertor power load characterization for various ELMs achieved in EAST is of great importance. The data presented in this paper were obtained in the 2010 and 2012 experimental campaigns of EAST. The ELM power load on divertor targets was diagnosed by triple Langmuir probe (LP) arrays embedded in the target plates [7] , which was the only ELM-resolved diagnostic that can evaluate the power deposition on divertor targets in both the two campaigns. For the probe data analysis on each ELM type, a number of coherent ELMs were selected to reduce the uncertainty of LP measurements. All discharges reported in this paper used deuterium as working gas.
Experimental setup and method
The EAST torus is a fully superconducting tokamak with modern divertor geometry, which can accommodate both SN (including LSN and USN) and DN configurations. EAST was designed for steady-state divertor operation for long pulses of 1000 s and has been achieved 411 s in the 2012 experimental campaign [8] . The present maximum H-mode duration time of EAST tokamak is 32 s reproducibly, which is the longest H-mode in the world to date [8] . EAST has a major radius R = 1.7-1.9 m and a minor radius a = 0.4-0.45 m, with the triangularity δ = 0.4-0.7, the elongation κ up to 1.9, the designed plasma current I p = 1 MA, and the maximum toroidal field B t = 3.5 T. All the plasma facing components (PFCs) in the 2010 campaign were SiC-coated doped graphite tiles, while the LFS and HFS tiles were newly changed to molybdenum in the 2012 campaign, with both the lower and upper divertor targets remaining graphite. Lithium coating is the most effective wall conditioning adopted in EAST.
In many tokamaks [3] [4] [5] 9] , the divertor heat loads caused by ELMs were mostly diagnosed by ELM-resolved infra-red (IR) camera with high spatial and time resolution. Currently, the temporal resolution of the divertor IR camera in EAST is only 20 ms, which is too low to resolve ELMs and is planned to be upgraded. Therefore, in this work the ELMinduced divertor heat loads were analyzed based on the measurements of triple LP arrays embedded in lower inboard (LI), lower outboard (LO), upper inboard (UI), and upper outboard (UO) divertor target plates. The measurements of heat flux by IR camera and LPs in between ELMs show good consistence [7] . Despite large uncertainties involved in LP evaluation during ELMs, the divertor LPs offer one of the primary means of diagnosing the ELM energy load on the targets. For each of the ELM types to be presented, a number of hand-selected coherent ELMs are analyzed to reduce this inaccuracy. In the 2010 campaign the temporal resolution of divertor LPs was 200μs, which was upgraded to 20μs in the 2012 campaign.
The particle heat flux measured by triple LPs is directly related with the ion saturation current density, j s , as 
where γ is the sheath transmission factor, which is assumed to be 7 in our calculation [7] , taking both the electron and ion contribution into account. And θ is the grazing angle between target surface and incident magnetic field,
is the electron temperature measured from the positively biased probe tip and the floating tip. The time integrated energy load on each of the four divertor targets can be written as
where s is the poloidal coordinate along the target plate, with R div the major radius of the corresponding probe tip. In EAST, the group numbers of triple LPs embedded in the divertor plates for (LI, LO, UI, UO) target are (15, 20, 15, 20), poloidally. Therefore, the total power load of an ELM on divertor targets, temporally integrated over the ELM duration time, is
where i = (1, 2, 3, 4) denotes (LI, LO, UI, UO) divertor target, respectively.
Peak heat flux and power load of Type I ELMs
In the 2012 experimental campaign of EAST, Type I ELMy H-mode plasmas were successfully achieved with LHCD+ICRH in LSN divertor configuration. The total effective heating power was in the vicinity of the transition power P TypeI from Type III to Type I ELMs. In most plasma pulses with Type I ELMs, Type III ELMs were observed as well. Moreover, the plasma current maintained in the 2012 campaign was not as high as that in the 2010 campaign, since one fast control coil was broken during the experiments. And the plasma performance was limited consequently. . In shot#41200, the total effective heating power was ~1.55MW, while it was ~1.45MW for shot#42556. These total effective heating powers are about 1.5 times the L-H transition power threshold in EAST tokamak [10] . The shot#42556 is a pure Type I ELMy H-mode with f ELM~1 0Hz, 
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while small ELMs were coexisted in shot#41200, which may be resulted from the wall conditionings for the two pulses are different, or triangularity difference [6] . To statistically investigate the Type I ELM energy loss and the subsequent power load on divertor target, 11 coherent Type I ELMs with similar repetition frequency (f ELM~2 0Hz) and similar amplitude were selected (in the shaded time windows) in shot#41200. Based on the same wish, 13 coherent similar ELMs were selected (all plotted) in shot#42556.
As can be seen clearly the plasma stored energy, calculated from the diamagnetic measurement, was greatly reduced when Type I ELMs were produced. The spikes of Type I ELMs in the D α and ion saturation current signatures are much higher than that of Type III ELMs [7, 10] . The LO target endures most of the ELM loss particles and energy flows into divertor region, as will be shown later in Figures 2 and 3 . Statistically, the peak heat flux on the LO target for Type I ELMs in shot#41200 was about 12MWm -2 , which is a little larger than that in shot#42556 (~8 MWm -2 ). The dependence of the Type I ELM frequency on the heating power shows agreement with the law that increases with power [2] . Figure 2 shows the contours of ion saturation current densities at the four divertor targets (UI, UO, LI, LO) during a Type I ELMy H-mode period. And the vertical coordinates in Fig.  2 (a)-(d) divertor target. The power loads on four different target plates for a typical Type I ELM are illustrated in Figure 3 , which indicates that most of ELM-ejected energy is deposited on the outboard target. The statistics of ELM energy loss and the subsequent total power load on divertor targets for the two groups of coherent Type I ELMs in shot#41200 and shot#42556 are shown in Figure 4 , in which the horizontal blue and red lines are the averaged values of ELM energy loss and divertor heat load, respectively. It is shown that the Type I ELM energy loss normalized to the plasma stored energy is about 8.5%, while the total power load on four divertor targets for a Type I ELM is about 5% the plasma stored energy, showing good agreement with the intrinsic Type I ELMs in ASDEX Upgrade [11] . n , and the total effective heating power ~1.32 MW. The compound ELMs are clearly identified by a large initial spike followed by a number of small ELM spikes in the divertor D α and ion saturation current traces. The contour of ion saturation current density distribution at LO target directly shows the effect of this characteristic on divertor particle flux. Furthermore, the peak heat flux of the initial ELM spike on divertor target is about 3-4.5 MWm -2 , which is much less than that of Type I ELMs (see section 3) and larger than that of typical Type III ELMs (see section 5 later) in EAST. The average energy loss for the five coherent compound ELMs is about 5.1 kJ, being about 4.5% of the plasma stored energy. To be noted that the power load on divertor target for the compound ELMs is approximate to the loss of plasma stored energy, i.e., , as shown in Figure 6 .
Effect of compound ELMs on divertor target
is different to that of Type I ELMs, which is attributed to the time scale discrepancy between the two types of ELMs. For a Type I ELM, the pedestal energy was suddenly released in a few hundred μs. However, for a compound ELM, the pedestal energy was intermittently released in a few ms. Furthermore, during the intervals between adjacent ELM spikes of a compound ELM, the plasma stored energy increases slightly as well. Therefore, the divertor power load temporally integrated over the ELM duration time ( ) for compound ELMs is comparable to or larger than the observed . It can be seen clearly from Fig. 6 (a) the compound ELMs also favor the outboard divertor, which exhibits an even stronger in-out asymmetry in DN. A sudden increase in the outboard and thus total target power load was observed, while no such an increase was seen in either LI or UI targets. The for the five compound ELMs in Fig. 6 (b) were evaluated as illustrated in Fig 3 (b) , respectively.
The compound ELMs also show significant difference to ELM filaments. The duration time of a compound ELM is a few ms. And the interval time between adjacent spikes of a compound ELM is also in the order of ms, which is much longer than that between adjacent ELM filaments. In the 2012 experimental campaign, the ELM filaments in EAST were detected by divertor probes, whose temporal evolution has been upgraded to 20μs. Figure 7 shows the characteristic ELM filaments observed in the ion saturation current of divertor triple LPs, the interval time between adjacent ELM filaments is 150-250μs statistically. Moreover, no ELM filaments were observed in the divertor D α emission. 
Characterization of divertor power load for small ELMs
The small Type III ELMs, which appear first beyond the L-H threshold power, are the most common ELMs in EAST. And in the 2012 campaign, a very small ELMy H-mode regime was observed. The amplitude of these very small ELMs is even lower than that of Type III ELMs, while the repetition frequency of which is much higher than Type III ELM frequencies.
This section reports the characterization of power load on divertor targets for these two types of small ELMs. Figure 8 shows the evolution of the heat loads accumulated on divertor targets during an LHCD driven Type III ELMy H-mode period in LSN configuration, with I p = 0.6 MA, B t = 1.7 T, 0.4
Type III ELMs
n n , and P LHW ~ 0.9 MW. The trace shown in the bottom panel is the peak heat flux at LO target, and the repetition frequency of ELMs is about 350Hz. Statistically, the total power load on four divertor targets for a Type III ELM is about 1-2% of the plasma stored energy, and the outboard target is likely to endure more of 
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which. The peak heat fluxes on divertor target for the Type III ELMs are about 2 MWm -2 , being much less than that of Type I ELMs. However, no change of the plasma stored energy was observed when Type III ELMs emerged, which may be attributed to that the energy loss of pedestal due to a Type III ELM is too small to be detected by diamagnetic measurements.
Very small ELMs
H-modes with very small ELMs have also been obtained in the 2012 experimental campaign of EAST with LHCD+ICRH. Figure 9 shows a typical H-mode discharge with very small ELMs, with I p = 0.4MA, B t = 2T, and q 95 = 4.5. The small ELM regime had lasted for 1.8 s before changed into Type I ELMy H-mode. The L-H transition occurred when the plasma shape is quasi-DN (QDN, dR sep ~ -0.15cm), with the triangularity 0.5 δ ≅ and the elongation . This small ELM regime disappeared when the triangularity was reduced to about 0.4 in LSN configuration. During the small ELMy H-mode period, the normalized line-averaged density 1.7 κ ≅ = 0.5-0.6 e G n n . In Fig. 9 (c) , the time-frequency spectrum analysis on the divertor D α shows that the frequencies of the small ELMs are about 0.8-1.5 kHz, which also yields to that the frequency decreases with ELM amplitude as a whole. More importantly, the peak heat flux on divertor target due to these very small ELMs is generally below 1 MWm -2 , being less than that of Type III ELMs and much less than that of Type I ELMs, as clearly shown in Fig. 9 (c) . At higher ELM frequency, the peak heat flux is even smaller. The power load on target plates due to such a very small is too low to be distinguished out by divertor LP measurements as shown in sections 3, 4 and 5.1. Also, no change of the plasma stored energy during the cycle of a very small ELM was observed. This very small ELMy regime may provide a potential scenario for ITER to operate in steady-state H-mode condition. 
Summary and discussion
In summary, the characteristic power loads on divertor targets for Type I, compound, and small ELMs obtained in EAST are investigated systematically. The target heat flux and thus the power load were evaluated by divertor triple Langmuir probe arrays. Although the LP measurement was not widely used as IR camera on other tokamaks, this diagnostic offers a primary means to the ELM power deposition. For each of the ELM types, a number of coherent ELMs were selected to reduce the uncertainty of probe measurements. The present Type I ELMs on EAST were observed in LSN when the total effective heating power is about ) and a little lower heating power than Type I ELMs. The time between adjacent ELM spikes of a compound ELM is in the order of ms, EX/P5-13 much longer than the interval time between ELM filaments. The very small ELMy H-mode regime was also achieved in highly shaped plasma at high density ( / 0.5 0 e G n n = − .6), which disappeared when the triangularity was reduced to 0.4 δ ∼ in LSN. The Type III ELMs are the most common small ELMs obtained in EAST around the L-H threshold power both in DN and LSN, showing no special dependence on the plasma shape. The repetition frequencies of the presented Type I, compound, Type III, and very small ELMs are 10-20Hz, ~50Hz, 300-400 Hz, 0.8-1.5 kHz, respectively. Characteristically, the target peak power density and the integrated power load on divertor targets for Type I ELMs are about 10 MWm -2 and 5% of the plasma stored energy, while they are about 2 MWm -2 and 1-2% for Type III events. The loss of the plasma stored energy for a Type I and a compound ELM are about 8% and 5%, while the energy loss due to a Type III or a very small ELM is too small to be detected by diamagnetic measurement. The peak heat flux of compound ELMs is between that of Type I and Type III ones, while the divertor power load of which is about the same to the loss of the plasma stored energy (both ~ 5%), which is attributed to the long time duration of compound ELMs. For the very small ELMs, the peak heat flux is statistically lower than 1 MWm -2 , and thus the heat load of which on divertor targets is too small to be measured by triple LP arrays. The Type I ELMs pose a great challenge to divertor for the long pulse H-mode operation of fully superconducting EAST, while the very small ELMy regime may provide a potential scenario for ITER. To further carry out the experiments of this study, the upgrade of EAST divertor IR camera to be ELMresolved is of urgent necessity and is being planned.
